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Controller 104 

118-3 

116 

rior permanent magnet (IPM) machine having a rotor and a 
stator is provided. The system may include a drive circuit in 
operative and electrical communication with each phase of 
the IPM machine, and a controller in electrical communica 
tion with the drive circuit. The controller may be configured 
to engage the drive circuit to selectively apply a Voltage signal 
to each phase of the stator of the IPM machine, detect a 
current signal through each phase corresponding to the 
applied Voltage signal, and calculate the initial rotor position 
based on a least squares analysis between at least the Voltage 
signal, the current signal and a predefined inductance of the 
IPM machine. 

20 Claims, 4 Drawing Sheets 
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MECHANISM OF INTERIOR PERMANENT 
MAGNET MACHINE NITIAL POSITION 

DETECTION 

TECHNICAL FIELD 

The present disclosure generally relates to interior perma 
nent magnet (IPM) machines, and more particularly, to sys 
tems and methods for detecting the initial rotor position of 
IPM machines. 

BACKGROUND 

Permanent magnet machines or motors are commonly used 
in the industry to convert electrical or electromagnetic energy 
into rotational torque for a variety of different applications, 
including machine tools, traction motors, industrial work 
machines, stationary drive machines, mobile work vehicles, 
hybrid electric vehicles, and the like. One type of permanent 
magnet machine with growing interest in the industry is the 
interior permanent magnet (IPM) machine. Because of its 
relatively consistent power over a broad speed range and its 
enclosed-magnet design, IPM motors have shown to be ideal 
for many applications, especially for traction motors, 
machine tools, and the like. 
As with typical induction motors, the IPM motor provides 

a multi-phase stator and a rotor disposed within the stator. The 
typical IPM motor is controlled by switching circuitry, or the 
like, which sources phase current to the different phases of the 
stator in Succession, which in turn creates a changing electro 
magnetic field within the stator. Rotational torque is gener 
ated at the output shaft of the IPM motor as the permanent 
magnets disposed within the rotor attempt to align themselves 
according to the changing electromagnetic fields. 

While different schemes can be used to drive an IPM 
motor, the typical drive scheme sources current to each phase 
of the stator in reference to feedback provided by a rotor 
speed sensor. Moreover, the rotor speed sensor serves to 
detect the rotational speed of the rotor relative to the stator, 
and provide a check and balance for the drive system as it 
operates the IPM motor. Although the rotor speed sensor can 
sufficiently monitor rotor speed, it is unable to track the 
absolute position of the rotor. Accordingly, typical drive 
schemes also incorporate means for determining the initial 
rotor position as a critical first step. 

To determine the initial rotor position of an IPM machine, 
many conventional systems measure the Voltage exhibited by 
the stator immediately after the rotor finishes spinning and 
comes to a rest. More specifically, the last point of Zero 
crossing of the rotor is assessed based on the stator Voltage, 
and the associated angular position of the rotor is identified in 
relation to at least one phase of the stator. However, such 
initial position assessments are often inaccurate, and the inac 
curacies are further compounded by the rotor speed sensor as 
it has no interim means to correct or compensate for Such 
inaccuracies. The present disclosure is directed at addressing 
one or more of the deficiencies set forth above. 

SUMMARY OF THE DISCLOSURE 

In one aspect of the present disclosure, a system for deter 
mining an initial rotor position of an interior permanent mag 
net (IPM) machine having a rotor and a stator is provided. The 
system may include a drive circuit in operative and electrical 
communication with each phase of the IPM machine, and a 
controller in electrical communication with the drive circuit. 
The controller may be configured to engage the drive circuit 
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2 
to selectively apply a Voltage signal to each phase of the stator 
of the IPM machine, detect a current signal through each 
phase corresponding to the applied Voltage signal, and calcu 
late the initial rotor position based on a least squares analysis 
between at least the Voltage signal, the current signal and a 
predefined inductance of the IPM machine. 

In another aspect of the disclosure, a method of determin 
ing an initial rotor position of an IPM machine having a rotor 
and a stator is provided. The method may apply a Voltage 
signal to each phase of the stator of the IPM machine; deter 
mine a current signal through each phase corresponding to the 
applied Voltage; and calculate the initial rotor position based 
on a least squares analysis between at least an amplitude and 
a phase of each Voltage signal, and an amplitude and a phase 
of each current signal. 

In yet another aspect of the disclosure, a method of auto 
matically determining an initial rotor position during startup 
ofan IPM machinehaving a rotor and a stator is provided. The 
method may receive a sensor signal from a rotor speed sensor 
indicative of a speed of the rotor relative to the stator to 
confirm Zero rotor speed; apply a sinusoidal Voltage signal to 
each phase of the stator of the IPM machine where each 
Voltage signal has a Substantially high frequency and a Sub 
stantially low amplitude; detect a current signal through each 
phase corresponding to the applied Voltage signal; determine 
a relationship between the Voltage signal, the current signal 
and the initial rotor position based on a least squares analysis 
and a predefined inductance of the IPM machine; and calcu 
late the initial rotor position based on the relationship. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic view of one exemplary embodiment 
of an electric drive system incorporating an initial rotor posi 
tion detection system; 

FIG. 2 is a cross-sectional view of a three-phase interior 
permanent magnet (IPM) machine; 

FIG. 3 is a diagrammatic view of a drive circuit for con 
trolling an IPM machine; 

FIG. 4 is a flow diagram of one exemplary method of 
determining initial rotor position of an IPM machine; 

FIG.5 is a graphical view of the phase current through each 
phase of an IPM machine; and 

FIG. 6 is a graphical view of the machine inductance of an 
IPM machine. 

DETAILED DESCRIPTION 

Reference will now be made in detail to specific embodi 
ments or features, examples of which are illustrated in the 
accompanying drawings. Generally, corresponding reference 
numbers will be used throughout the drawings to refer to the 
same or corresponding parts. 

FIG. 1 schematically illustrates one exemplary electric 
drive system 100 that may be employed in conjunction with 
industrial work machines, stationary drive machines, mobile 
work vehicles, hybrid electric vehicles, machine tools, min 
ing machines, and construction machine, and the like. As 
shown, the electric drive 100 may employ an interior perma 
nent magnet (IPM) machine 102, or any other suitable and 
comparable machine, that may be electrically operated to 
produce rotational torque. More particularly, the electric 
drive system 100 may include at least one controller 104 
which manages operation of the IPM machine 102 through 
control of at least one drive circuit 106 electrically coupled to 
a Stator 108 of the IPM machine 102. Based on the desired 
application, a rotor 110 rotatably disposed within the stator 
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108 may be caused to generate a rotational torque to be 
communicated through an output shaft 112 to one or more 
connected loads 114. The loads 114 may include any one or 
more of a traction device for causing movement of an asso 
ciated machine, a machine or work tool, and the like. The 
controller 104 may additional employ a speed sensor 116, 
Such as a magnetic sensor, a Hall-effect sensor, an optical 
sensor, an optical encoder mechanism, or the like, to detect 
and monitor the rotational speed of the rotor 110 relative to 
the Stator 108. 
As further disclosed in FIG. 2, the stator 108 of the IPM 

machine 102 may include a plurality of phases 118 which are 
electrically engageable in Succession to generate magnetic 
flux. The rotor 110 may comprise one or more permanent 
magnets 120 internally disposed therein which are configured 
to interact with the magnetic flux to cause an alignment 
between the rotor 110 and the electromagnetic field, and 
generate rotational torque at the output shaft 112. Control of 
electric current that is sourced to each phase 118 of the stator 
108 may be provided in part by, for example, the drive circuit 
106 of FIG. 3. As shown, the drive circuit 106 may generally 
include an arrangement of Switches 122 configured to selec 
tively place each phase 118 of the stator 108 in electrical 
communication with a Voltage source via a common bus 124. 
or the like. While the embodiments of the IPM machines 102 
disclosed in FIGS. 1-3 may be configured with a three-phase 
stator 108 and a single permanent magnet 120 disposed 
within the rotor 110, other modifications and variations will 
be apparent to those skilled in the art without departing from 
the scope of the appended claims. 
As illustrated in FIG. 1, selective and electronic control of 

the switches 122 of the drive circuit 106 may be managed by 
the controller 104 and at least partially based on sensor signal 
input received from the one or more speed sensors 116 asso 
ciated therewith. However, to better improve the responsive 
ness and efficiency of the IPM machine 102, the controller 
104 may additionally be configured to determine the initial 
position of the rotor 110 at stand-still and prior to generating 
torque within the IPM machine 102. In particular, the con 
troller 104 may be configured to operate according to a pre 
determinedalgorithm or set of instructions for determining an 
initial position of the rotor 110 relative to the stator 108 of the 
IPM machine 102, for instance, as part of a startup routine of 
the electric drive system 100. Such an algorithm or set of 
instructions may be preprogrammed or incorporated into a 
memory disposed within the controller 104 or otherwise asso 
ciated with the controller 104 as is commonly used in the art. 
Furthermore, the controller 104 may be implemented using 
one or more of a processor, a microprocessor, a microcontrol 
ler, a digital signal processor (DSP), a field-programmable 
gate array (FPGA), an electronic control module (ECM), an 
electronic control unit (ECU), or any other suitable means for 
electronically controlling the IPM machine 102. 

Referring now to FIG. 4, an exemplary algorithm or 
method 200 of determining the initial position of a rotor 110 
is provided with a plurality of steps that may be selectively 
performed by the controller 104, for example, during startup 
of the associated electric drive system 100. In an initial step 
200-1, the controller 104 may be configured to receive a 
sensor signal from the speed sensor 116 indicative of the 
speed of the rotor 110 relative to the stator 108. Based on the 
sensor signal, the controller 104 in step 200-2 may be con 
figured to determine whether the IPM machine 102 is at 
stand-still or at rest, for instance, during startup of the asso 
ciated electric drive system 100 and prior to actual operation 
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4 
of the IPM machine 102. If the rotor speed is not zero and the 
IPM machine 102 is determined to be operating, the control 
ler 104 may continue monitoring the sensor signal for a stand 
still state. Alternatively, if the rotor 110 is determined to be at 
rest relative to the stator 108, the controller 104 in step 200-3 
may be configured to apply a Voltage signal to each phase 118 
of the Stator 108. 

As shown in FIG. 5, for example, the controller 104 may be 
preprogrammed to control the switches 122 of the drive cir 
cuit 106 such that the drive circuit 106 applies a continuous 
Voltage waveform, such as a sinusoidal Voltage signal, to each 
phase 118 of the stator 108. Each voltage signal may be offset 
from one another by the appropriate phase. Each Voltage 
signal may additionally be provided with a relatively or a 
substantially low amplitude that is sufficient to induce a 
responsive current through each phase 118, but low enough so 
as not to cause any movement of the rotor 110. As shown in 
FIG. 5, for example, each voltage signal may be provided 
with a peak-to-peak voltage within the range of approxi 
mately 500-600 mV. Furthermore, each voltage signal may 
correspondingly be provided with a relatively or a substan 
tially high frequency, for example, approximately 240 Hz. 

Referring back to FIG. 4, the controller 104 in step 200-4 
may further be configured to detect the current that is gener 
ated through each phase 118 of the stator 108 in response to 
the voltage signals applied during step 200-3. More specifi 
cally, the controller 104 may observe at least the amplitude 
and phase of each current signal associated with the stator 
108. Based at least partially on the Voltage signals and the 
current signals, the controller 104 may further be able to 
determine the initial rotor position by reference to a least 
squares analysis in step 200-5. While a least squares analysis 
may employ any one or more of a variety of other relevant 
parameters of the IPM machine 102 to assess the initial rotor 
position, the least squares analysis of step 200-5 may gener 
ally employ the amplitude and phase of the Voltage signal for 
each phase 118, the amplitude and phase of the current signal 
for each phase 118, a predefined inductance of the IPM 
machine 102, and the like. Additionally, the inductance of the 
IPM machine 102 may incorporate the self-inductance and 
the mutual inductance exhibited by the IPM machine 102, as 
shown in FIG. 6 for example. 

In one exemplary implementation, the least squares analy 
sis may begin with the expression 

-Xf 2 - -Xf 2 - (1) 
X- Acos(26) 

Acos(26-27 f3) Acos(26-27 f3) 
-Xf 2 - 

L = f X - Acos(26+ 27 f3) -Xf 2 - Acos(26) 
Acos(26-27 f3) 

-Xf 2 - 
Xf 2 - Acos(26) X- Acos(26-27 f3) 

Acos(26-27 f3) 

where L is the inductance matrix for the IPM machine 102, 
X-(L+L)/3 and A (L-L)/3. At stand-still, the expression 
for the voltage of the IPM machine 102 may be provided by 

V ia ia 
Rih, + L d i - E. E. 

w ic ic 

(2) 
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which in the phasor domain may be provided by 

V la la 
W = R b + icoL it, 
V ic ic 

Based on relationships (1)-(3), machine inductance L may be 
provided by the expression 

X, -Xf 2 -Xf 2 A -Af2 - A f2 (4) 

-i. X. so A | -Xf2 -Xf 2 X. -Af2 - A f2 A 

(3) 

O Av3/2 -Av3/2 
sin(20 Av3/2 -Av3/2 0 

-Av3/2 0 Av3/2 

For purposes of determining the initial rotor position, h, he 
and h may be defined as 

X, -X/2 -X/2, (5) 
h1 = -X/2 X - 

-X/2 -X/2 y. ' 
A -A f2 - A f2 (6) 

e- A I - A f2 - A f2 A 

(7) 

h = - A V3/2 -AV3/2 0 b 
0 A V3/2 -A V3/2 i. 

AV3/2 -Av3/2 0 

Based on definitions (5)-(6), the phasor domain expression 
for voltage defined above in relationship (3) may be rewritten 
aS 

V 
Wh, 
V. 

or equivalently as 

la (8) 

d l, + icoh + icoh2cos(26) + icoh 3 sin(26) 
le 

(9) V la 
1 R cos(26) 
-- W - -- I - h = tly. 
f(t) W f(t) -- sin(20) 

Furthermore, based on relationship (9), the initial rotor posi 
tion at stand-still may be calculated according to 

V la 
1 R 
-- W - - - , 
f(t) f(t) 

V. ic 

Correspondingly, during step 200-6 of the method 200 of 
FIG. 5, the controller 104 may be configured to determine or 

10 

C (10) = (HHH) HH 
sin(28) 
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6 
refer to the least squares analysis, or at least one or more 
relationships thereof, that may be preprogrammed within a 
memory of the controller 104 or otherwise accessible to the 
controller 104. For example, by applying the relevant voltage 
signal parameters and current signal parameters into relation 
ship (10) above, the controller 104 may be able to determine 
the angular position of the rotor 110 relative to the stator 108 
of the IPM machine 102 at stand-still, while at rest, during 
startup, or otherwise prior to actual operation thereof. The 
controller 104 may be preprogrammed with relationship (10) 
and/or preprogrammed with predefined rotor position values 
that have been mapped with known ranges of Voltage and 
current signals, for example, according to relationship (10). 
The algorithm or method 200 of FIG. 5 may be incorpo 

rated or preprogrammed as a Sub-algorithm or Sub-routine 
into an existing controller of the associated electric drive 
system 100 to be automatically performed at each startup or 
prior to actual operation of the IPM machine 102. In other 
modifications, the method 200 may be preprogrammed to be 
automatically executed when the IPM machine 102 is deter 
mined to beat restand when one or more predefined operating 
conditions of the associated electric drive system 100 are 
satisfied. In still further modifications, the method 200 may 
be preprogrammed to be manually engageable on demand by 
an operator of the IPM machine 102 and/or electric drive 
system 100. 

INDUSTRIAL APPLICABILITY 

In general, the foregoing disclosure finds utility in various 
applications relating to the control of permanent magnet 
machines and motors. More specifically, the disclosed sys 
tems and methods may be used to provide more efficient 
control of interior permanent magnet (IPM) machines that are 
typically used in association with electric drive systems 
including machine tools, traction motors, industrial work 
machines, stationary drive machines, mobile work vehicles, 
hybrid electric vehicles, and the like. Furthermore, the dis 
closed initial rotor position detection systems and methods 
may be incorporated into controllers of existing machine 
assemblies to provide more accurate detection of the initial 
rotor position. Still further, the present disclosure may be 
configured to automatically execute during startup, at Stand 
still and prior to actual operation of the IPM machine to 
improve efficiency and provide increased responsiveness of 
the IPM machine. 
From the foregoing, it will be appreciated that while only 

certain embodiments have been set forth for the purposes of 
illustration, alternatives and modifications will be apparent 
from the above description to those skilled in the art. These 
and other alternatives are considered equivalents and within 
the spirit and scope of this disclosure and the appended 
claims. 
What is claimed is: 
1. A system for determining an initial rotor position of an 

interior permanent magnet (IPM) machine having a rotor and 
a stator, the system comprising: 

a drive circuit in operative and electrical communication 
with each phase of the IPM machine; and 

a controller in electrical communication with the drive 
circuit, the controller configured to engage the drive 
circuit to selectively apply a Voltage signal to each phase 
of the stator of the IPM machine, detect a current signal 
through each phase corresponding to the applied Voltage 
signal, and calculate the initial rotor position based on a 
least squares analysis between at least the Voltage signal, 
the current signal and a predefined inductance of the 
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IPM machine including both self-inductance and mutual 
inductance associated with the IPM machine, the con 
troller configured to calculate the initial rotor position 
based at least partially on the following equation: 

V la 
1 R 
io Wh, ic b - hi. 

V. le 

2. The system of claim 1, wherein the controller and the 
drive circuit is configured such that the Voltage signal applied 
to each phase of the IPM machine has a substantially high 
frequency and a Substantially low amplitude. 

3. The system of claim 2, wherein the frequency of the 
Voltage signal is approximately 240 Hz. 

4. The system of claim 1, wherein the stator of the IPM 
machine includes three phases. 

5. The system of claim 1, wherein the controller is further 
configured to monitor a rotor speed sensor configured to 
detect a rotor speed of the rotor relative to the stator of the 
IPM machine. 

6. The system of claim 5, wherein the controller is config 
ured to engage the drive circuit to apply the Voltage signal 
only when the detected rotor speed of the IPM machine is 
confirmed to be zero. 

7. The system of claim 1, wherein the controller is config 
ured to automatically calculate the initial rotor position at 
startup of the IPM machine. 

8. The system of claim 1, wherein the controller incorpo 
rates the amplitude and phase of each voltage signal for each 
phase, and the amplitude and phase of each current signal for 
each phase into the least squares analysis. 

9. The system of claim 1, wherein the controller is prepro 
grammed with predefined rotor position values that have been 
mapped with known ranges of Voltage and current signals. 

10. The system of claim 1, wherein the controller is con 
figured to automatically calculate the initial rotor position 
when the IPM machine is determined to be at rest. 

11. The system of claim 1, wherein the controller is con 
figured to automatically calculate the initial rotor position 
when a predefined operating condition of an associated elec 
tric drive system is satisfied. 

12. A method of determining an initial rotor position of an 
interior permanent magnet (IPM) machine having a rotor and 
a stator, the method comprising the steps of: 

applying a Voltage signal to each phase of the stator of the 
IPM machine; 

determining a current signal through each phase corre 
sponding to the applied Voltage; and 

calculating the initial rotor position based on a least 
squares analysis between at least an amplitude and a 
phase of each Voltage signal, an amplitude and a phase of 
each current signal, and a predefined inductance of the 
IPM machine including at least a self-inductance value 
and a mutual inductance value associated with the IPM 
machine, the least squares analysis including the follow 
ing equation: 

( cos28 
sin28 
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13. The method of claim 12, wherein the controller and the 
drive circuit is configured Such that the Voltage signal applied 
to each phase of the IPM machine has a substantially high 
frequency and a Substantially low amplitude. 

14. The method of claim 13, wherein the frequency of the 
Voltage signal is approximately 240 Hz. 

15. The method of claim 12, wherein the IPM machine 
includes three phases. 

16. The method of claim 12, further comprising the step of 
monitoring a rotor speed sensor configured to detect a speed 
of the rotor relative to the stator of the IPM machine. 

17. The method of claim 16, wherein the voltage signal is 
applied only when the detected rotor speed of the IPM 
machine is confirmed to be Zero. 

18. The method of claim 12, wherein the initial rotor posi 
tion is automatically calculated at startup of the IPM machine. 

19. The method of claim 12, wherein the initial rotor posi 
tion is further based at least partially on a predefined induc 
tance of the IPM machine. 

20. A method of automatically determining an initial rotor 
position during startup of an interior permanent magnet 
(IPM) machine having a rotor and a stator, the method com 
prising the steps of: 

receiving a sensor signal from a rotor speed sensor indica 
tive of a speed of the rotor relative to the stator to confirm 
Zero rotor speed; 

applying a sinusoidal Voltage signal to each phase of the 
stator of the IPM machine, each Voltage signal having a 
Substantially high frequency and a Substantially low 
amplitude; 

detecting a current signal through each phase correspond 
ing to the applied Voltage signal; 

determining a relationship between the Voltage signal, the 
current signal and the initial rotor position based on a 
least squares analysis and a predefined inductance of the 
IPM machine including at least a self-inductance value 
and a mutual inductance value associated with the IPM 
machine, the least squares analysis including the follow 
ing equation: 

( cos28 1 |- (HHH) HH sin28 

and 

calculating the initial rotor position based on the relation 
ship. 


